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Abstract: Submillimeter-scale oxygen isotope analysis was conducted on a 
chemically zoned orthopyroxene clast in Asuka-881526 diogenite for the first 
time. Major elements, Ca, Mg, and Fe of orthopyroxene clast (-5 mm) in 
A-881526 does show nearly constant composition of Wo 1 -4En13 -16Fs22 2s, but 
minor elements, Alz03 and Cr203 displayed continuous and discontinuous zoning 
within the crystal grain. Along the same section, oxygen isotope compositions of 
the large clast showed a very weak heterogeneity from the central ( 6180 = 3.8-4.1 
%0) to the marginal zones (3.5-4.1%0 ). Matrix orthopyroxene represented a 
wider range of 0180 values (3.4-4.3%0 ). 
Nearly constant 0 180 (-4.0%0 ), Ah03 (-0.7 wt%), and Cr203 (-0.6 wt%) 
features of most part of the orthopyroxene clast, and the slight depletion of 0180 
( < 3.8%0) and enrichment of Alz03 ( > 1.2 wt%) at the clast margin could be 
explained by isothermal crystallization from a large volume of orthopyroxene­
rich asteroidal magma where Rayleigh fractionation had undergone until 85% 
degree of crystallization. The fluid-absent magmatism may have aided the 
preservation of weak 0 180 heterogeneity in the large orthopyroxene clast. 
1. Introduction 
Diogenites along with howardites and eucrites (HED) provide important 
information about planetary magmatism. In general, diogenites are believed to be 
igneous cumulates of mafic intrusions, and are probably derived from asteroid 4 
Vesta (e.g., Consolmagno and Drake, 1977). Since chemical zonings in ortho­
pyroxene are very useful and powerful to re-construct certain processes in the parent 
asteroidal magma, orthopyroxenes of diogenites have been extensively studied 
using incompatible trace elements in order to reveal the nature of magmatism on 
the HED's parental body (Fowler et al., 1994, 1995; Mittlefehldt, 1994; Papike 
et al., 1996). According to a number of oxygen isotope analyses on whole-rock 
achondrites by Clayton and Mayeda (1996), most HEDs, mesosiderites, pallasites, 
and IIIAB iron meteorites fall in a single mass-dependent fractionation trend with 
a slight isotopic anomaly as a shift of i:1 170= 0.25%0 (=c:5170 -0.52·6180) in the 
c:5180vs. c:5 170 diagram (c:5180= 1.8-4.0%0; c:5 170=0.8-1.8%0). This suggests derivation 
from a common parent body. Among these achondrites, high c:5 180 and c:5170 values 
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(3.0-4.0%0 and 1.2-1.8%0, respectively) of the HEDs have been considered to be 
probably due to minerals enriched in heavier 0-isotopes such as plagioclase 
(Clayton and Mayeda, 1996). Oxygen isotope equilibration temperatures of the 
HEDs have been estimated as 800-1000°C from plagioclase-pyroxene fractionations 
(Clayton, 1986). 
Recently, micro-scale analysis of oxygen isotopes has dramatically progressed 
with development of analytical instruments such as secondary ion mass spectrome­
ter (SIMS) and laser-fluorination microprobe (Sharp, 1990). Microanalysis of 
oxygen isotopes of the Earth's crust and mantle rocks provides important informa­
tion about ( 1) magmatic processes during fractional crystallization ( igneous proc­
esses), and (2) fluid-rock interaction during metamorphism (metamorphic proc­
esses) (e.g., Chamberlain and Conrad, 1991). Detailed oxygen isotope microanal­
ysis of single-grained minerals can give important insights into magmatic processes 
of the Earth and asteroidal bodies. Large orthopyroxene crystals in diogenites may 
preserve magmatic records such as successive growth zoning. This information can 
be obtained through laser-based 0-isotope microanalysis. 
2. Sample description and analytical procedures 
A diogenite specimen A-881526 (supplied weight is 0.854 g), in the Asuka-88 
collection (Yanai et al., 1993; Yanai, 1993), was selected for 0-isotope microanal­
ysis. This diogenite is mainly ( > 95%) composed of very coarse-grained 
orthopyroxene (,......, 5 mm, brownish green) and coarse to fine-grained pyroxene 
matrix ( < 0.5 mm, light green to gray) that represents a typical monomict breccia 
(Fig. 1). This specimen seems to be very fresh and unweathered. Trace amounts of 
troilite ('"'"'50µm), chromite (5-50µm), and a silica phase (5-lOOµm) are present 
b 
Fig. 1. Photographs of (a) A-881526 diogenite clast (0.854 g) containing several grains of large 
orthopyroxene clast ( ,....,5 mm), (b) a diogenite slice prepared for microchip sampling and 
oxygen isotope microanalysis. 
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both in the coarse orthopyroxene grain and in the matrix (Yanai, 1993). Fine­
grained clinopyroxene is common in the orthopyroxene matrix as fragments of large 
clast and is often accompanied by chromite and a silica phase (Fig. 2a). 
Maskelynite ( ,...,,_,20 µm) is rare but occurs in the matrix closely associating with 
clinopyroxene-silica-chromite aggregate (Fig. 2c). 
The laser-fluorination oxygen isotope analysis was employed on orthopyroxene 
microchips separated from this diogenite. This system comprises a CW ( continuous 
wave, A= 10.6 µm) mode CO2 laser (Japan Laser Corp. Model JLC-200), a BrFs­
reaction chamber, and cryogenic purification line (e.g., Sharp, 1990). Extracted 02 
was converted to CO2 by hot CVD ( chemical vapor deposition) diamond plates at 
1000°C for conventional mass spectrometry. Obtained CO2 was measured with a 
Finnigan MAT252 mass spectrometer at Tohoku University. The oxygen isotopic 
ratio was normalized using the VSMOW (Vienna Standard Mean Oceanic Water; 
o180 = 0%o) -SLAP (Standard Light Antarctic Precipitate; o 180 = -55.5%o) 
6180-scale. The oxygen isotopic ratio is presented in the conventional delta notation 
as follows: 
18 -{ (
180/ 160)sample } 0 OvsMow eso;t60)vsMOW -
1 X 1000 (%0) . (1) 
Similar to terrestrial samples, all the measured isotopic ratio data of 04s and 046 
( delta values for CO/ ion-beam intensity raios of 45/44 and 46/44 against a 
reference gas) for CO2 gas (12C 160 160 is 44, 13C160160 and 12C 160 170 are 45, and 
12C160 180 is 46) were routinely corrected to o 13C and 6180 values based on a 
calculation scheme by Craig (1957). 
The obtained 6180 data were internally compared with working standards (0.3-
2.5 mg): NBS 28 (quartz), NBS 30 (biotite) (9.64 and 5.10%0, respectively, Coplen 
et al., 1983), IOLV (olivine), and IOPX (orthopyroxene) (Ichinomegata lherzolite 
nodule). Olivine in Ichinomegata lherzolite has been reported by Farquhar and 
Rumble III (1998) as o180 = 4.84+0.10%o (la, n = 4) by CO2 laser-fluorination 
method. No 6 180 analysis has previously been reported for Ichinomegata 
orthopyroxene. The replicate analyses on NBS 28 and NBS 30 gave acceptable 
precisions and accuracies for 0180 values of 9.46+0.10 (+2a/(n) 112, defined as 
standard error) (n = 25) and 5.08 +0.09%0 (n = 9), and analyses of IOLV and IOPX 
gave 5.52+0.10 (n = 4) and 5.78+0.13%0 (n = 6), respectively. There is a signifi­
cant 0180 difference between the analyzed Ichinomegata olivines in this study and 
the literature. The 02 extraction yields by laser fluorination method of IOL V and 
IOPX standards were typically better than 97%. Another working standard of San 
Carlos olivine was also analyzed in order to confirm the reliability of 6180 analysis. 
The result was obtained as 0180 = 5.64 +0.08%0 (n = 3), which is acceptably close to 
that reported by Farquhar and Rumble III (1998) (5.42+0.08%o, n = 8). Probably, 
the observed large to small 0180 discrepancies among these working standards could 
be due to original sample heterogeneity rather than the analytical error. Thus, the 
precision of the laser-fluorination 0180 analysis, which would be better than 
+o.13%0, is quite sufficient to detect the presence of isotopic heterogeneity 
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Fig. 2. Backscattered electron images (BE/) of a polished section which is face-sharing with a 
sliced chip (Fig. lb): (a) a diogenite clast showing a large orthopyroxene (Opx) clast and 
brecciated fine to coarse-grained matrix. Sections A-A' and B-B' represent step-wised 
analytical paths of electron microprobe analysis. Accessory minerals (Si02 -phase 
(Si02) >chromite (Chrm)>->clinopyroxene (Cpx) >troilite (FeS) >maskelynite (Msk)) were 
frequently observed; (b) a coarse-grained orthopyroxene in the matrix showing chemical 
heterogeneity and deformation texture. The BE/ of deformed side of this grain is slightly 
dark and enriched in fine bright phase (chromite and troilite); (c) Aggregate of silica­
chromite-clinopyroxene-maskelynite found in the fine-grained matrix. 
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within terrestrial and diogenite orthopyroxenes. 
A diogenite sample including an orthopyroxene clast was cemented with 
soluble-glue and sliced in half by a paper-thin cut-off saw. One part was sliced again 
(0.5 mm thick) and mounted on adhesive tape for microchip sampling (Fig. lb). 
Fragmented chips, 0.3-1.3 mg each were separated, washed in ethyl acetate or 
acetone, sometimes in diluted hydrochloric acid solution, and then used for the 
laser-fluorination analysis. This preparation procedure makes a pair of face-sharing 
slices, which allows direct comparison between 0-isotope and chemical analyses. 
The other slice was prepared for electron microprobe analysis using a JEOL JXA-
8800 with oxide-ZAF correction program. Based on the background X-ray count­
ings, the detection limits for Al, Cr, and Ti were calculated as 0.009, 0.016, and 
0.018 wt%, respectively. High- and low-magnification backscattered electron imag­
ings (BEi) were made on the same sample using electron microscopes of JEOL 
JXA-8800 and JSM-5410, respectively. A terrestrial mantle lherzolite from Horo­
man, Japan was prepared and analyzed similarly as a reference to diogenite. 
3. Results 
3.1. Chemical analysis 
An orthopyroxene clast in A-881526 diogenite has a clear and sharp edge and 
internally deformed texture (Fig. 1 ). Because this clast is irregular and anhedral, it 
is only a fragment of a large crystal. Therefore, the margin of this clast is not 
original crystal margin. However, if the chemical and isotopic variations are present 
within this clast, these are original records during its crystal growth. Chemical 
profiling on this clast was carried out on the parallel sample slice (Fig. 2a). 
Chemically, this clast pyroxene shows Mg-rich signature in composition with a 
narrow variation (Wo1-4Enn-16Fs22-2s) which falls in the range of typical diogenites 
(Yanai, 1993; Mittlefehldt, 1994; Fowler et al., 1994) (Fig. 3). A chemical profile 
was also made on a coarse-grained orthopyroxene matrix ( ,...._, 1 mm) which indicated 
elemental heterogeneity in the BEi (Fig. 2b ). This grain is similar in composition 
to the large clast (W 01--4En13-7sFS23-24). 
Thus, the pyroxenes are uniform in major components (Fig. 3), but significant 
Di Hd 
.... 
Fs 
Fig. 3. Quadrilateral diagram of Di-Hd-En-Fs composition for analyzed pyroxenes. 
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heterogeneity can be recognized as zoning in some minor elements. Results of two 
profiles A-A' for the large clast and B-B' for the smaller clast are shown in Fig. 4. 
Trace Ah03, Cr203, and Ti02 components can be incorporated into a pyroxene 
structure as Al-, Cr- and Ti-tschermak's coupled substitutions. Especially, Cr203 
can be preferentially distributed into orthopyroxene whose bulk distribution coeffi­
cient (D-value = Ccr
2
o
3
°Px/Ccrpte1t) is large, for example ---3 at 1300°C and ---8 at 
1200° C (Barnes, 1986). Estimated Cr203 concentration of parental melt crystallized 
central zone of the large clast (Cr203 = 0.7 wt%) is 0.23 wt%. Marginal zone of the 
large clast (near A) is enriched in Ah03 and weakly in Cr203, but little in Ti02. 
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Fig. 4. Chemical profiles of Al20'3. Cr20'J. and Ti02 for analyzed two orthopyroxenes: (a) A-A' 
section of a large orthopyroxene clast and (b) B-B' section of a coarse-grained ortho­
pyroxene in the matrix. 
Table 1. Averages of electron microprobe analyses of minerals in A-881526 diogenite. � 
� 
mineral Opx clast Coarse Opx matrix clinopyroxene maskelynite chromite silica phase whole rock** 
n 98 60 25 4 13 27 Yanai (1993) 
oxide wt% 
Si02 55.09 55.02 52.51 56.90 0.12 97.63 52.99 
Ti02 0.13 0.13 0.25 0.00 0.61 0.04 0.03 
AJi03 0.76 0.96 1.28 26.93 9.53 0.59 0.99 
FeO 15.30 15.56 5.32 0.32 29.62 0.37 16.57 
Cr203 0.68 0.62 0.98 0.01 55.85 0.06 0.62 
MnO 0.50 0.51 0.23 0.02 0.54 0.01 0.32 
MgO 27.12 27.22 15.98 0.02 2.62 0.02 27.19 
cao 1.29 0.92 22.45 8.90 0.11 0.08 1.21 
Na20 0.00 0.02 0.22 6.58 0.01 0.26 0.03 
K20 O.Ql O.Ql 0.00 0.04 0.00 0.03 0.02 
Total 100.87 100.99 99.22 99.74 99.00 99.10 99.97 
H20(+) = 0.05 
� Atoms per formula unit HP(-)= 0.00 
0 6.000 6.000 6.000 8.000 4.000 2.000 
Si 1.973 1.968 1.950 2.562 0.004 0.990 
Ti 0.003 0.004 0.007 0.000 0.016 0.000 
Al 0.032 0.041 0.056 1.429 0.395 0.007 
Fe2• 0.458 0.466 0.165 0.012 0.874 0.003 
Cr+ 0.019 O.Ql 8 0.029 0.000 1.557 0.001 
Mn O.oI5 0.015 0.007 0.001 0.016 0.000 
Mg 1.448 1.452 0.885 0.002 0.137 0.000 
Ca 0.050 0.035 0.893 0.429 0.004 0.001 
Na 0.000 0.001 0.016 0.574 0.001 0.005 
K 0.000 0.000 0.000 0.003 0.000 0.000 
LCation 3.998 4.000 4.009 5.012 3.004 1.008 
Pyroxene/plagioclase composition* 
Wo/An 2.53 1.81 45.96 42.66 
En/Ab 74.04 74.34 45.52 57.09 
Fs/Or 23.42 23.84 8.51 0.25 
Note: *: Components as molar fraction of Ca (Wo), Mg (En), and Fe2·(Fs) for pyroxene and as Ca (An), Na (Ab). and K (Or) for maskelynite. 
**: Selected data of major elements. 
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Profiles of Ah03 and Cr203 on the analysis section A-A' show symmetrical develop­
ments from a virtual core (2.8 mm distant from the margin) to the grain margin 
(Fig. 4a). 
While, coarse-grained orthopyroxene in the matrix also displays discontinuous 
and continuous zoning of Ah03 and Cr203 (Fig. 4b) as shown in a contrasting BEi 
reflected by small difference in Cr203 (Fig. 2). Strong negative correlation between 
Ah03 and Cr203 can be seen in the crystal zone without chromite inclusions (bright 
zone, near B) and positive correlations between them in the zone with numerous 
chromite inclusions ( dark zone, near B'). 
Chemical analyses were also made on the accessory minerals chromite, 
silica phase, clinopyroxene, and maskelynite. Chromite composition is around 
Mgo.1--0.2Feo.8---0.9Cr1.5-1.6Alo.4--0.404, which is typical of diogenite (Mittlefehldt et al., 
1994; Bowman et al., 1999). Al-rich diopsidic clinopyroxene was frequently found 
in the matrix and large clast accompanied by a silica phase and chromite, and 
showed a narrow compositional variation of Wo44-49En43-41Fs8-12. Minor maskelynite 
in the clinopyroxene-silica-chromite aggregates showed an albite-rich composition 
of An41--4sAbss-s9. Silica phase occurs along cracks as veinlet to irregular shape. It 
is enriched in impurities (Takeda et al., 1994) and has a slightly greater variation in 
Ah03 (0.00-1.12 wt%), Na20 (0.00-0.50 wt%), and FeO (0.19-0.61 wt%) contents. 
There is a strong positive correlation between Al and Na with a molar Al/Na 
ratio of,.._, 1 : 1, suggesting Si4 + +"vacancy" = Al3 + Na + coupled substitution. The 
averages of chemical analyses of these accessory minerals are given in Table 1. 
3.2. Oxygen isotope microanalysis 
To obtain the representative 0180 values for microchips at each sampling site, 
the picked separates were crushed into finer fragments and homogenized. About 
0.2-1.3 mg of many fine fragments were analyzed as their 0 180 averages at each 
position. The resultant 0 180 analyses were summarized in Table 2. The 0180 values 
of microchips from the A-881526 diogenite showed a range from 3.5 to 4.3%0. The 
positions and 0180 values of the microchip samples are displayed on the photograph 
of the specimen together (Fig. 5). The 0180 distribution in the orthopyroxene clast 
shows a weak 0180 heterogeneity with a range of 3.5-4.1%0. Statistically, the 0 180 
data represent the mean and the standard deviation (1 a) for clast center, clast 
margin, coarse-grained matrix, and fine matrix as 4.00+0.08 (n = 19), 3.81 +o.77 
(n = 4), 3.79+0.16 (n = 5), and 3.87+0.27%0 (n = ll), respectively (see Table 2). 
One remarkable feature is that the margin and cracked area of this clast is slightly 
depleted in 0180 (less than 4%o ). A zone with many cracks in the crystal interior 
also showed slightly lower 0180 values from 3.5-3.8%0, whereas the center of the 
clast is mostly homogeneous ( ,.._,4%o ). The 0180 varies within 3.6-4.3%0 in the 
matrix whose isotopic range is similar to that of the clast. Matrix near the clast 
margin is enriched in 0180 up to 4.3%0. 
The observed weak 0180 heterogeneity in diogenite orthopyroxene is unlikely 
produced by weathering during storage in the ice sheet because the fine-grained 
orthopyroxene matrix should be always lower in 0 180 than coarse orthopyroxene 
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Table 2. Oxygen isotopic composition of microchips from A-881526 diogenite. 
Sample chip ID Weight 
(mg) 
ASK- I 1 .30 
ASK-7 I .26 
ASK-8 0.58 
ASK-9 0.37 
ASK- I O  0.69 
ASK- J I 0.60 
ASK- 1 2  0.57 
ASK- 1 3  0.53 
ASK- 1 4  0.74 
ASK- 1 7  1 .0 1  
ASK- 1 8  0. 1 7  
ASK- 1 9  0.28 
ASK-28 0.38 
ASK-58 0.75 
ASK-63 0.36 
ASK-64 0.62 
ASK-65 0.59 
ASK-66 0.55 
ASK-67 0.53 
average 
1 (l 
ASK-2 1 .05 
ASK-5 0.39 
ASK-60 0.57 
ASK-62 0.44 
average 
l o  
ASK- 1 5  0. 1 7  
ASK-59 0.70 
ASK-59' 1 . 1 0  
average 
1 (l 
ASK-6 0.63 
ASK-49 0.47 
ASK-52 0.30 
ASK-53 0.42 
ASK-54 0.57 
average 
l o  
ASK-3 0.42 
ASK-4 0.33 
ASK-38 1 .50 
ASK-46 1 . 1 7  
ASK-47 1 .04 
ASK-48 0.35 
ASK-50 1 .00 
ASK-5 1 0.58 
ASK-55 0.66 
ASK-56 1 .64 
ASK-57 0.72 
average 
I a 
0, yield 
(µmole) 
1 6 .75 
1 6.46 
7.8 1 
4.93 
8.83 
7.95 
6.60 
6.65 
9.5 1 
1 2 .83 
2.23 
3.54 
4.63 
9.46 
4.73 
7 .93 
7.48 
7.2 1 
6.9 1 
1 3 .97 
4.84 
6.72 
5 .38 
2. 1 5  
8.57 
1 2 .39 
8.22 
6.0 1 
3 .80 
4.80 
7.37 
5 .28 
4. 1 0  
1 9.30 
14. 1 8  
1 1 .29 
4.47 
1 2.67 
7 .38 
7.69 
2 1 . 1 7  
8.85 
o'"o vsMow 
(%c) 
3.95 
4.(X) 
4.06 
4. 1 0  
3.94 
4.05 
3 .90 
4.0 1  
4.0 1 
4.06 
3 .95 
4.07 
3.78 
3 .9 1  
4. 1 2  
4.04 
3.96 
4.08 
4.02 
4.00 
0.08 
3 .93 
3 .88 
3.60 
3 .63 
3.81 
0.77 
3.5 1 
3.75 
3.46 
3.57 
0.13 
3.95 
3.87 
3 .52 
3.73 
3 .88 
3.79 
0.16 
3 .59 
4. 1 4  
4.23 
3 .84 
3.44 
3.56 
4.03 
3 .80 
3 . 8 1  
4.34 
1.77 
3.87 
0.27 
Distance from margin* 
(mm) 
0.66 
U3 
3.54 
3.76 
1 .95 
2.43 
1 .64 
2.74 
0.88 
0.66 
0.7 1 
1 .28 
1 .64 
2 . 1 7  
0.22 
0.27 
0.44 
3 .45 
1 .06 
- 1 .55 
- 1 .06 
-0.44 
- 1 .24 
-0.44 
-0.22 
Note: *: Distance from crystal margin as 0.0 mm. 
Size of microchip Description 
(mm) 
clast center 
0.36 clast center 
0.22 cla�t center 
clast center 
clast center 
clast center 
clast center 
0.38 clast center 
0.47 clast center 
0.37 clast center 
0.20 clast center 
0.49 clast center 
0. 1 9  clast center 
0.29 clast center 
0.27 clast center 
0.29 clast center 
0.24 clast center 
0.22 clast center 
0.25 clast center 
clast margin 
0. 1 6  clast margin 
0.32 clast margin 
0. 1 8  clast margin 
0.38 crack 
0.20 crack 
crack 
0.27 coarse-grained matrix 
coarse-grained matrix 
coarse-grai ned matrix 
coarse-grained matrix 
coarse-grained matrix 
0.3 1 fine matrix 
0.3 1 matrix near clast 
fine matrix 
fine matrix 
fine matrix 
fine matrix 
fine matrix 
fine matrix 
0.39 fine matrix 
0.36 fine matrix 
0.20 fine matrix 
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Fig. 5. Two-dimensional oxygen isotopic distribution of a diogenite slice over an orthopyro­
xene clast (dark) and surrounding matrix (light gray). The numbers in the photograph 
represent the obtained 0180 value for each chip. 
(e.g., 0180 value of SLAP is -55.5%0 ). Further, compared to terrestrial and lunar 
igneous rocks (e.g., Taylor and Sheppard, 1986), this 0.7%0 variational range is too 
wide for a differentiating mafic magma. It is equivalent to the 0 1 80 variation 
between terrestrial basalt and rhyolite produced by simple fractionational crystal­
lization. 
Compared to the whole-rock 0180 variations for diogenites by Clayton and 
Mayeda (1996) (o180 = 3.32 +0.16%o; n = 15), the 01 80 values from A-881526 
orthopyroxene are slightly higher and its 0 1 80 variation exceeds both the ranges for 
whole-rock diogenite analysis (0 1 80 = 3.07-3.68%0, Clayton and Mayeda, 1996) and 
precision of the laser-fluorination analysis (+0.13%0). If the observed 0180 decrease 
of '""'0.2%o at the margin was caused by mixing of chromite inclusion which was 
equilibrated with host orthopyroxene at 700°C (L1En75-Chrm = 0180En75 -o 180chnn = 3.67 
%0, calculation based on Zheng, 1991 and 1993), the oxygen molar fraction of 
inclusion mineral is required to be 5% to reduce the 0 1 80 value from 4.0 to 3.8%0. 
This mass-balance estimation for contribution by the inclusion mineral is too 
high for this diogenite orthopyroxene. Furthermore, the compositional effect on 
180 partitioning between MgCrA1Si06 (Cr-tschermak pyroxene) and Mg2Siz06 
( enstatite) solid-solution can be ruled out from a theoretical prediction of their 
0-isotope fractionations calculated by Zheng (1993). The end-member equilibrium 
fractionation (L1crTs-En = o180crTs - o180En) is only ,_, + 0.2%o at 1300°C. Thus, the 
observed 0 180 variation probably indicates the presence of 0-isotope zoning of 
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Fig. 6. Oxygen isotope and Al203 elemental profiles for hlarge orthopyroxene clast (section A-A ' ). 
Several continuous and discontinuous zonings can be seen both in Al and 5180 profiles. 
Note that Al-enriched marginal zone is slightly depleted in 51 80. 
unknown cause. 
In a chemical profile on a face-sharing chip, only Ah03 and Cr203 displayed 
zonal distributions of 0.8-1.2 and 0.8-0.5 wt% for the center to the margin, 
respectively (Fig. 5). Ah03 zoning is more significant than Cr203 in this large clast. 
An oxygen isotope profile in Fig. 6 displays nearly constant 0180 values of 4.oo+ 
0.08%0 for low-Al central zone, and widely varied and depleted 0180 of 3.81 + 0.77 
%0 for high-Al marginal zone. The 0180 at the outermost area shows slightly lower 
value of 3. 7%o than the interior. Thus, a weak negative correlation can be roughly 
seen between the 0180 value and the Ah03 content only in the marginal zone. 
4. Discussion 
4. 1. Crystallization conditions of diogenite 
Petrogenetic relationship among HED achondrites has been extensively 
discussed based on experimental approaches (Stolper, 1977; Jurewicz et al., 1995). 
Stolper ( 1977) and Consolmagno and Drake ( 1977) suggested that diogenites were 
cumulates of magmas produced by higher degree of partial melting than eucritic 
magmas. Stolper ( 1977) and Mittlefehldt ( 1994) have estimated that diogenite may 
have been crystallized from a mafic parent magma with essentially orthopyroxenitic 
composition. Such a magma could be produced by partial melting of a source rock 
having an ordinary chondritic composition at 1325° C (Jurewicz et al. ,  1995). 
Fowler et al. (1995) estimated that degree of fractionational crystallization of the 
diogenites should be 70-90% based on Y and Yb elemental systematics if the 
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diogenites were formed from a single parental magma. They further proposed other 
two models explaining elemental variability in diogenite formed from: ( 1) mafic 
melts with high normative orthopyroxene; (2) multiple basaltic melts with different 
trace-elemental concentrations. Shearer et al . ( 1997) argued that large degree of 
fractional crystallization is unlikely because orthopyroxene can be crystallized until 
only 20% of the total crystallization as a liquid us phase of eucritic parental magma. 
They modified above models and proposed two distinct models : ( 1) fractional 
melting of a homogeneous source; (2) batch melting of heterogeneous source. Thus, 
there are many possible models explaining the diogenite petrogenesis, but it still 
remains unsolved. 
The observed symmetric profile of Al and Cr in the large orthopyroxene in A-
881526 diogenite may indicate increases of these elements from a virtual core 
toward the original rim (Fig. 4a). If this observation is valid, Al in the coexisting 
magma as well as orthopyroxene could suggest that most of this large clast may have 
continued the growth from a less-evolved magma in which AhOJ was depleted to 
more evolved magma enriched in plagioclase composition. Since another 
orthopyroxene clast in the coarse-grained matrix has similar chemical variation 
(Fig. 4b), elemental and also oxygen isotopic ratio varieties could have been 
produced in the parental magma as successive zonings before brecciation event of 
original diogenite cumulate. 
Since diogenite is a typical monomict breccia, it is difficult to find a coexisting 
mineral-pair applicable for the geothermometry. If clinopyroxenes in matrix and 
clast are equilibrated with orthopyroxene, the two pyroxene geothermometer 
(Lindsley, 1983) is applicable. However, many fine clinopyroxene grains in the 
matrix and the clast mostly yield lower-temperature Ca-Mg-Fe equilibrium at 
'"'-'700°C assuming a pressure of at 5 kbar. Major elemental homogeneity in pyrox­
enes ( see Fig. 3) may favor the post-magmatic metamorphism. Coexistence of 
clinopyroxene with a silica phase suggests that both may have been formed at 
subsolidus temperature (Mori and Takeda, 1981), probably indicating metamor­
phism event (Mittlefehldt, 1994) caused by shock impact. A texture of veinlets and 
myrmekitic intergrowths of chromite and silica ( < 1 µm) and presence of chromite­
silica-clinopyroxene-sodic maskelynite (An43Abs1, see Table 1 and Fig. 2c) in this 
diogenite clast may favor the possibility of orthopyroxene breakdown as a transient 
process. Especially, high pressure condition produced by shock can enhance the 
stability field of silica-phases (Liou et al., 1998; Sharp et al., 1999). Elemental 
correlation between Al and Na in silica-phases may be related to this deformation 
process. 
4.2. Oxygen isotopic record as growth history? 
In a closed system, a growing crystal itself may change the bulk chemical and 
isotope compositions through partitioning with the parental magma. In the ideal 
fractional crystallization process, a growing crystal develops normal zoning from 
core to rim following Rayleigh fractionation (Albarede and Bottinga, 1972). If the 
post-crystallizational metamorphisms can be ignored, over-all 0180 variation of 
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3.5-4.1%0 observed in this diogenite involving large clast and coarse to fine matrix 
can be regarded as the original variation of the crystalline orthopyroxenite before 
brecciation event. Correlated 0-isotope and Al-Cr-Ti zonings can be expected in 
this fractional crystallization process. Figure 6 shows a 6180 profile along section 
A-A' compared to the Ab03 concentration. Small 0180 variations in the central zone 
may suggest ( 1) homogenization during or after magmatism (Fowler et al. ,  1994) or 
(2) crystal growth from a large volume of melt (high liquid/solid ratio, that is small 
degree of crystallization). Mechanism ( 1) is well-supported by subsolidus ( ,....,,700 
�C) Ca-Mg-Fe homogenization as already presented in Fig. 3. However, the 
iv Al-coupled octahedral cations v1Al, Cr, and Ti are less likely to be significantly 
affected by subsolidus homogenization, because the tetrahedral cations (Si and Al) 
diffuse much more slowly. For example, Si diffusivity in olivine is ,...., 10 1 3 m2 /s 
(Houlier et al., 1990), while Fe is ,....,,10 8 m2/s at l000°C (Jurewicz and Watson, 
1988), typically showing 105 faster diffusion in Fe-Mg exchange. Thus, Fe-Mg 
octahedral cations are much more likely to equilibrate than tetrahedral cations 
that are charge-controlled by the octahedral cations. In contrast, 0 atom in 
orthopyroxene ( enstatite) has much less diffusivity of ,..._, 10 1 6  m2 /s (Muehlenbuchs 
and Kushiro, 197 4) than cations. This strongly supports the better preservation of 
oxygen isotopic record in this phase. The mechanism (2) can be explained by the 
variation of oxygen isotope composition. 
If a temperature of 1300° C is assumed for orthopyroxene crystallization, an 
oxygen isotopic fractionation factor of ..d opx-melt = + 0.2%0 can be expected between 
orthopyroxene and melt (Muehlenbuchs and Kushiro, 1974). This positive 0180 
fractionation factor of orthopyroxene causes preferential depletion of the 6180 in the 
residual melt while the crystallization proceeds at a liquidus temperature (,...., 
1300° C). Using this value and o180opx = 4.0%o, the 6180 value of a parental magma 
that crystallized orthopyroxene is simply estimated to be 3.8%0. Based on a Rayleigh 
fractional crystallization model, 85% fractional crystallization (as oxygen molar 
fraction) from an initial melt is required for producing 0.4%o decrease in a growing 
crystal. However, Fowler et al. (1995) and Shearer et al. (1997) argued that such 
a high degree of crystallization is unlikely for producing diogenite cumulates, and 
proposed different petrogenetic mechanism for diogenites. Also, this estimation 
about the degree of crystallization may be invalid when the ..d opx-melt is 0%o at a 
slightly lower temperature of 1250° C (see Muehlenbuchs and Kushiro, 1974). 
Characteristically, chemical feature of this diogenite that represented in the 
most Ti02-poor (0.03 wt%) compositions in the previously reported diogenites by 
Yanai and Kojima (1995), Yanai (1993), and Mittlefehldt et al. (1998) suggests the 
derivation from less-evolved parent magma of the HEDs. However, the averaged 
0 180 value for A-881526 diogenite (3. 89 +0.21%0) is the highest in the reported 6180 
analyses for diogenite (3.1-3.7%0; Clayton and Mayeda,1996). These facts may 
suggest that this diogenite is product from the most primitive magma (low-Ti and 
high 6 180) or from distinct magma. 
If the orthopyroxene crystallized from a cooling magma at 1300-1200°C, 
0-isotopic fractionation factor changes from ..dorx-melt + 0.2 to -0.2%0 (see 
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Muehlenbuchs and Kushiro, 1974). At this cooling temperature, the orthopyroxene 
can also develop a simple 6180 decreasing profile with a range of 0.4%0 when the 
degree of fractional crystallization was too small to affect the bulk 6180 composition 
of the parent magma. However, temperature decrease from 1300-1200°C should 
cause significant zoning of trace Cr (Barnes, 1986). Therefore, the most reasonable 
model is fractional crystallization from a magma with high normative 
orthopyroxene at isothermal high temperature condition. Such an isothermal 
magma may have existed at a small asteroid such as 4 Vesta because of its weaker 
gravity condition ( about 0.03G at the asteroid surface of 4 Vesta can be calculated 
from 530 km of diameter and 3 X 1020 kg of mass) and slower density-driven 
convection than the Earth. Such a magma cannot be cooled rapidly. 
4. 3. Di ogeni te vs. terrestrial lherzoli te 
Before the laser-fluorination microanalysis, we assumed orthopyroxene of 
diogenites was isotopically more homogeneous than terrestrial mantle equivalents 
because the 6180 values of terrestrial mantle minerals usually show disequilibrium 
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and are affected by metasomatism (Boettcher and O'Neil, 1981; Gregory and 
Taylor, 1986) with fluids (Rosenbaum et al., 1996). Asteroids as well as the Moon 
rocks were formed under volatile-free environments and thus no fluid-rock interac­
tion is expected. As a representative terrestrial example, a mantle rock, spinel­
lherzolite trom Horoman, Japan was selected and similarly analyzed by taking 
microchip separates from a sliced specimen. Figure 7 is a frequency histogram 
showing statistics of the 0 1 80 analyses. A significantly wide variation of 0180 = 
4.9-6.1%0 (mean 0180 = 5.61%0, n = 34) and polymodal distributions (at least two 
peaks) were obtained from a single phenocryst of orthopyroxene ( ,._, 5 mm) in 
spinel-bearing olivine matrix. Similarly, olivine has a variation of o180 = 5.0-5.8%o, 
but with a single 01 80 peak at --5.4%0. Spinel showed a wider 01 80 scattering (2.2-
3. 7%o ). Though the minor clinopyroxenes are not included in Fig. 7a, two 0180 
analyses of clinopyroxene gave 5. 7 and 6.0%0, representing equilibrium relation with 
olivine (L1cpx-oI ::::: 0.4%o, Mattey et al., 1996) at a terrestrial mantle temperature. 
Thus, the terrestrial mantle rock is roughly in 0-isotopic equilibrium but isotopic 
heterogeneity ( a wide 0180 ranges) in individual phases as has been reported by 
previous workers (Gregory and Taylor, 1986; Kyser, 1990; Mattey et al., 1996; 
Rosenbaum et al., 1996). 
The wide 0180 range observed in the terrestrial orthopyroxene obviously 
exceeds that in orthopyroxene of the A-881526 diogenite. The 0 180 histogram 
displays a single 01 80 peak for orthopyroxene clast with a tailing toward lower 0 1 80 
values in the marginal zones and the other coarse- to finer-grained matrix (Fig. 7b ). 
As already discussed, a simple crystallization caused by cooling with or without 
Rayleigh process decreases the 01 80 toward the crystal margin. The 01 80 tailing for 
marginal zone is consistent with this process. A weak 1 80 depletion at the deformed 
areas may have been resulted from some other process such as subsolidus elemental 
and isotopic redistributions. 
4. 4. Fluid-absent magmatism 
Chemical analyses of whole-rock lunar and HED samples strongly suggest that 
volatiles and also alkali elements are strongly depleted in the Moon and the HED's 
parent asteroid. Alkalis and H20 of most diogenites were strongly lost by degassing 
during crystallization of parental magma (e.g., Mittlefehldt, 1987). In contrast, the 
terrestrial mantle rocks sometimes contain hydrous phases (e.g., Boettcher and 
O'Neil, 1981) and fluid inclusions in minerals (Rosenbaum et al., 1996). Therefore, 
igneous processes on the HED parent body are distinct from terrestrial processes. 
Petrologically speaking, HED magmas was likely to have evolved in a fractional 
crystallization process that was simpler than terrestrial magmas which involved 
fluid-rock interaction. Fluid-absent conditions may have aided the preservation of 
the 0-isotope records in minerals after their crystallization even during metamor­
phic process because of slower diffusion of atoms in dry conditions (Elphick et al., 
1988). Insights into the effect of volatile during terrestrial magmatism can be 
obtained from further oxygen isotopic comparison between terrestrial mantle to 
volcanic minerals, HED, and lunar rocks, especially in terms of micro-scale oxygen 
Oxygen isotope microanalysis of orthopyroxene clast in diogenite 253 
isotopic variations. 
5. Conclusions 
The results of this study can conclude that the limited chemical and oxygen 
isotopic variations in an orthopyroxene clast from A-881526 diogenite resulted from 
extensive crystallization in a large volume of dry mafic magma produced by partial 
melting of source rock in a parental asteroid. The observed simple growth zoning 
characterized by Al-increase and 01 80-decrease can be interpreted as a result from 
degree ( ---85%) of fractional crystallization of a magma highly enriched in 
orthopyroxene composition at isothermal high temperature ( ,._, 1300° C). In spite of 
subsequent metamorphism probably by shock.;deformation, the 0180 variation in a 
single orthopyroxene crystal grown from asteroidal magma has much less range 
than terrestrial mantle rock. This reflects quite unique but simpler fluid-absent 
magmatism on the parental asteroid magmatic system than on the Earth. 
Detailed in-situ 180 microanalysis by SIMS or improved laser-fluorination 
microprobe will provide more precise and realistic decipherment for the growth 
history of the asteroidal magma system. 
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